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A confounding factor for sea level rise (SLR) is that it has a slow, steady creep, 

which provides a false sense for coastal communities. Stresses caused by SLR at today’s 

rate are more pronounced in southeastern Florida and as the rate of SLR accelerates, the 

exposure areas will increase to a point where nearly all the state’s coastal infrastructure 

will be challenged.  

The research was conducted to develop a method for measuring the impact of 

SLR on the City of West Palm Beach (City), assess its impact on the stormwater system, 

identify vulnerable areas in the City, provide an estimate of long-term costs of 

improvements, and provide a toolbox or strategies to employ at the appropriate time.  The 

assessment was conducted by importing tidal, groundwater, topographic LiDAR and 

infrastructure improvements into geographic modeling software and performing analysis 

based on current data.  The data revealed that over $400 million in current dollars might 

be needed to address stormwater issues arising from SLR before 2100.
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INTRODUCTION 

Currently, there are a considerable amount of ongoing local efforts by 

universities, local government and non-governmental organizations (NGOs) researching 

the issue of sea level rise (SLR) adaptation in Florida as SLR is expected to be the most 

significant risk factor for Florida’s coastal communities.  With the reporting of increased 

global temperatures, the 2007 conclusions of the IPCC (International Policy on Climate 

Change) report noted that water resources would be one of the areas most affected by 

climate change.  

It should be noted that there is significant uncertainty in the predictions of the 

models used to prepare the IPCC reports to predict the actual intensity, spatial and time 

variability of rainfall and temperature for a given region in part because the models can 

only be calibrated against a very short period of time, the predicted changes have 

moderated to some degree to comport with observed changes.  In any case, the main 

concern raised by global warming is that climatic variations alter the hydrologic cycle, 

and that the current data indicated that hydrological cycle is already being impacted 

(Dragoni 1998; Labat et al. 2004; Huntington 2006; IPCC 2007; Dragoni and Sukhija, 

2008).  This issue is of critical concern because the predictions that the temperature will 

rise by several degrees and the warming trend will last for centuries may portend 

consequences that cannot be predicted today (Dragoni and Sukhija, 2008).  For example, 

the uncertainty associated with temperature and precipitation yields higher uncertainty 

when translating rainfall and temperature to changes in evapotranspiration, runoff and 



2 

aquifer recharge (Strzepek and Yates 1997; Di Matteo & Dragoni 2006; Dragoni and 

Sukhija, 2008).  While there has been much discussion of the “why” of SLR, the reality 

for local communities is that it exists and must be considered in long term stormwater 

planning.   

Much of the focus of the current work is on understanding the vulnerability of and 

developing adaptation strategies for the natural and built environments, with a strong 

emphasis on engineering weaknesses and solutions. Over the past 140 years, the Key 

West tidal gage has shown a consistent increase in sea level (Bloetscher, et al 2011), 

which is expected to have significant consequences for coastal areas like the City of West 

Palm Beach (City) where the combination of SLR and population growth makes it 

essential to continue improving flood management strategies (Parkinson, 2010; Zhang, et 

al. 2010; NFIP, 2011; Schmidt, et al. 2011; Warner, et al. 2012).  The City is the area of 

study for this research project and lies in central Palm Beach County and houses over 

100,000 residents consisting of coastal and inland communities spanning across 58 

square miles.  The downtown area is located on the Intracoastal Waterway which 

connects to the Atlantic Ocean and the City’s surficial water supply lies on its western 

boundary inside of the Grassy Waters Everglades Preserve.  Various researchers have 

already noted impacts on city’s coastal and island environments (NFIP, 2011; Purvis et 

al. 2008; Coombes et al. 2010; Zhang et al. 2010; Parkinson 2010; Frazier et al. 2010; 

Poulter and Halpin, 2008; OECD, 2008; Murley et al. 2008; Church et al. 2001; Nichols 

2004; SFRCC, 2011; and Riggs, 2001). All  11 tidal gages in Florida show similar trends 

over the time they have been installed (Bloetscher, et al 2011).  In addition, Gregory et al. 

(2012) notes that in the last two decades, the global rate of SLR has been larger than the 
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20th-century time-mean, leading to projections of accelerating rise from a variety of 

researchers.  

Getting clear answers to the uncertainty and timescales is a challenge.  Thus, the 

City is a member of the Southeast Florida Regional Climate Change Compact (Compact).  

The Compact was formalized following the 2009 Southeast Florida Climate Leadership 

Summit, when elected officials came together to discuss challenges and strategies for 

responding to the impacts of climate change. The Compact was executed by Broward, 

Miami-Dade, Monroe, and Palm Beach Counties in January 2010 to coordinate 

mitigation and adaptation activities across county lines.  The Compact outlines an 

ongoing communication opportunity among the Compact Counties to foster sustainability 

and climate resilience at a regional scale.  It is designed to allow local governments to set 

the agenda for adaptation while providing an efficient means for state and federal 

agencies to engage with technical assistance and support.  A summit is held each year to 

discuss projects and priorities.  Sea level rise is one of the topics the Compact focusses 

on.   

The Corps’ intermediate projection of SLR was accepted by the Southeast Florida 

Regional Climate Compact (SFRCC, 2011 see Figure 1), providing for a consensus 

projection which lead to the adoption of the intermediate to high rates of SLR for years 

2030 (0.076m to 0.178m) and 2060 (0.229m to 0.610m) to guide future planning.  It was 

concluded that approximately 3 feet of sea level rise by 2100 would a suitable scenario 

and time frame to illustrate the vulnerability assessment methodology presented in this 

article.  It has been further suggested that the effects of groundwater depletion, reservoir 
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impoundment and loss of storage capacity in surface waters due to siltation may also be 

increasing contributions to global SLR.   

 

Figure 1: Graphic of SLR Projections from the Army Corps of Engineers 
(http://www.corpsclimate.us/ccaceslcurves.cfm) 

 

Most coastal communities are cognizant of the ongoing discussion about the 

potential impacts of climate change on the world, but a limited number have studied the 

effects to its stormwater conveyance systems.  Fewer still have considered the impacts of 

SLR on groundwater levels and the associated loss of soil storage capacity that will 

increase the frequency of flooding and overwhelm the existing stormwater infrastructure. 

While coastal populations are particularly at risk due to SLR inundation and storm surge, 

interior populations are also susceptible to rising water tables and extended periods of 

inundation caused by the inability to drain inland areas. Higher groundwater levels equate 

to reduced soil storage capacity, which means less capacity for soil to absorb 

precipitation, thereby increasing the risk of groundwater flooding (Romah, 2012). Chang 
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et al. (2011) describes an overall “lifting process” by which there is a 1:1 ratio in water 

table elevation that is correlated to sea-level rise.  

Soil storage capacity is the volume of soil pores in the unsaturated zone that is 

available to store infiltrated stormwater (Gregory, 1999). Throughout Florida, it is 

common to have large volume storm events which fills the voids in the unsaturated zone 

as shown in Figure 2.  

 

Figure 2: Zones where underground water exists. (NYS Department of Environmental Conservation, 
http://www.dec.ny.gov/lands/36064.html) 

 

The unsaturated zone is the portion of the subsurface above the groundwater table 

which contains soil and rock, and within the soil and rock lies air and water in its pores as 

shown in Figure 3.  This zone affects the rate at which the aquifer gets recharged by 

controlling water movement from the surface of the land downward towards the aquifer. 

During rain events, the soil voids fill up quickly resulting in the ground water table rising 

to the surface and the surplus rainfall becomes runoff.  As a result, SLR has the potential 

to place important infrastructure we rely on every day at risk, yet there is a lack of good 

data to make decisions on what to do, when and with what priority.  
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Figure 3: Saturated zone soil phase diagram and definitions (Gregory et al 1998) 
 

A beneficial factor of SLR is that it is distinctly different than unpredictable 

temporal issues like tropical storms, since the long-term prediction of rising sea levels 

can be clearly demonstrated.  This key difference permits officials to take the time to plan 

for the future to ensure that stranded infrastructure and “failure to construct projects” are 

exceptions to the norm.  

Southeast Florida is one of the most vulnerable places on earth to the impacts of 

SLR due to three main factors: first, the area is flat, and large portions of the region are 

less than 5 feet above sea level (Bloetscher, 2012);second, the majority of rainfall occurs 

in the summer wet season, which is capped by the seasonal high tide events in October; 

third, the groundwater is regulated by tidal influences which can lead to groundwater 

levels just inches below the ground surface in some areas that are low topographically 

(Bloetscher et al, 2011).  Hence, the region suffers from the highest tides, highest 
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groundwater levels and sea level rise concurrently, which increases the potential for 

flooding.  The original goal of the Central and South Florida drainage project (Army 

Corps of Engineers) was to lower groundwater, increase soil storage capacity to absorb 

precipitation and move surface flooding off the land as quickly as possible.   Rising sea 

level complicates operation of the existing flood control system throughout the South 

Florida Region.  The South Florida Water Management District has already reported a 

loss of capacity in their water management control structures (Obeysakara, 2011).  

Despite these historical water management conflicts and periodic disruptions, South 

Florida will remain a desirable place to live, so the interconnectedness of water bodies 

will require the traditional barriers between water and stormwater to be replaced with a 

more integrated solution. 

Making long-term decisions will be important because infrastructure and 

development are not temporal and typically have an expected life cycle of at least 50 

years or more.  It is important to develop a planning framework to adapt to SLR and 

protect vulnerable infrastructure through a long-term plan. While uncertainties in the 

scale, timing and location of climate change impacts can make decision-making difficult, 

response strategies can be effective if planning is initiated early. Because vulnerability 

can never be estimated with 100 percent accuracy, the conventional anticipation approach 

should be replaced or supplemented with one that recognizes the importance of building 

resiliency.  
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METHODOLOGY 

A methodology for developing results for measuring vulnerability of SLR and 

determining an estimated cost associated with improving the infrastructure required a 

series of tasks. The first task was to create a topographic surface layer generated by using 

Light Detection and Ranging (LIDAR), a remote sensing method used to examine and 

define the surface of the Earth. It uses light in the form of a pulsed laser to measure 

ranges to the Earth and is required to provide the comparison of surface level and 

groundwater layers. 

The next set of tasks were to gather and organize groundwater elevation data, past 

groundwater modeling data from permits and ocean tidal data from public sources to 

develop an accurate groundwater layer. There were two model approaches that were 

considered to develop a usable and accurate groundwater layer from the data collected.  

A bathtub model approach assumes that groundwater levels will be flat, and 

match the elevation of the ocean (typically the average) to determine vulnerability.  This 

method is used by many governmental organizations due to the ease of data acquisition 

and model creation. The main disadvantages of this type of model is that is does not 

consider urban water control infrastructure such as dikes and canals that lead to 

overestimation of inundation (Inglesias-Campos 2010), nor the fact that groundwater 

levels cannot be “flat,” and generally correlate with high tide, not mean tide.  The results 
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can lead to underestimation of inundation because they do not identify low-lying inland 

areas that might flood at an earlier time than areas along the coast because of higher 

groundwater tables. 

The second model which was used in the development in the groundwater layer 

was the modified bathtub model and is a model that considers more than just static 

elevation to determine SLR vulnerability. The modified bathtub approach assumes that 

groundwater levels increase as one moves away from the coast, an assumption that is 

easily justified with groundwater monitoring data in many communities.  The importance 

of the groundwater table in the model is that it is responsible for determining the soil 

storage capacity (Bloetscher 2011). As a result, water, sewer, stormwater and 

transportation infrastructure in low-lying areas may be compromised.   

The final tasks were to compare and calibrate the surface and groundwater layers 

to determine the vulnerable areas as sea level rises using a Geographic Information 

System (GIS) called ArcGIS10.2 that captures, analyzes and presents all types of 

geographical and spatial data. Based on the vulnerable areas, cost associated for 

infrastructure improvements were estimated and example projects were developed to 

illustrate the type of improvements that will be needed within coastal communities to 

correct short and long-term deficiencies. 

Task 1: Surface Topography 

The means to assess what is vulnerable to SLR requires detailed topographic 

information.  Topography is a key parameter that influences many of the processes 

involved in coastal vulnerability, and thus, up-to-date, high-resolution, high-accuracy 

elevation data are required to model the coastal environment. Previous approaches to 
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modeling inundation from simulated sea-level rise have been limited by coarse-resolution 

elevation datasets (surveys, field spot elevations, USGS maps) versus electronic imagery 

(Nichols, 2004; Titus and Wang, 2008).  Low resolution LiDAR is available in many 

areas, but the coarse vertical definition (+/- 2 feet) is not useful for coastal areas where 

inches matter.   

Duke et al. (2003) and Romah (2012) showed that while higher-resolution 

elevation data represent a significant advance for modeling sea-level rise impacts, there 

can be a large variability in inundation estimates depending on the horizontal fit of the 

raster data (Poulter and Halpin, 2007).  High-resolution elevation data are needed for 

investigating the influence of topographic complexity on landscape processes, including 

drainage canals (Duke et al. 2003). Gesch (2009) compared DEMs used in previous SLR 

vulnerability assessments such as USGS global 30-arc second GTOPO30 (∼1 km 

horizontal resolution), Shuttle Radar Topographic Mission (SRTM) (∼90 m horizontal 

resolution), and National Elevation Dataset (NED) (30 m horizontal resolution) with 

Light Detection and Ranging (LiDAR) (3 m horizontal resolution) to determine that 

LiDAR DEMs provide improvements to mapping vulnerable lands due to their high 

horizontal resolution and vertical accuracy. Zhang (2011) also examined the effect of 

horizontal resolution on identifying individual properties vulnerable to SLR by 

comparing 30 and 5 m LiDAR DEMs to determine that LiDAR DEMs ≤5 m horizontal 

resolution is necessary.  

The availability of higher resolution LiDAR is among the factors that have led to 

an increased belief and trust in using LiDAR as a means for assessing vulnerable 

infrastructure and property (Franklin, 2008).  The geospatial data user community has 
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recognized the usefulness of LiDAR to provide the highly detailed and accurate 

topographic data needed for SLR projections, which has increased interest in developing 

a national LiDAR database (Stoker et al., 2007). The increasing availability of high 

quality LiDAR in coastal areas allows for improved assessments to be done over more 

areas and integrated into national datasets (Gesch, 2007).  

The topographic surface of West Palm Beach and the surrounding areas was 

generated using (LIDAR).  Recent high-resolution, high-accuracy elevation data is 

available for most of South Florida. The LiDAR topographic surface was provided by 

Jones Edmunds & Associates, Inc. as part of the City’s SWMP Project.  Jones Edmunds 

developed a digital terrain model (DTM) using various sources of digital terrain 

information (DTI).  Jones Edmunds identified three available LiDAR datasets:  2007 

FDEM LiDAR dataset, the 2007 Herbert Hoover Dike dataset and the 2001 Palm Beach 

County LiDAR. Elevations in all three datasets were referenced to the NAVD 88 vertical 

datum and were in feet. The data was only used in the eastern half of the City. The 2007 

FDEM LiDAR dataset covered the majority of the eastern half of the City and was the 

primary LiDAR dataset. Where the 2007 FDEM LiDAR dataset was not available, either 

the 2007 Herbert Hoover Dike or 2001 Palm Beach County LiDAR datasets were used.  

Preference was given to the 2007 LiDAR datasets which included more up-to-date 

topographic data and had a better vertical accuracy than the 2001 LiDAR dataset.  The 

LiDAR dataset was clipped with preference being given to the 2007 FDEM dataset to 

avoid overlaps with the other datasets.   

For this project, elevation data beyond the City limits was required for the 

analysis. The remaining LiDAR elevation outside of the City limits was obtained from 
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the high-resolution dataset shot by the City of Wellington and NOAA, but calibrated by 

FAU (Romah, 2012).  An issue arises in LiDAR elevation data for the western portions 

of Palm Beach County since NOAA did not shoot high resolution LiDAR west of the 

Turnpike due to lesser population densities.  The lower resolution LiDAR (+/- 2 feet) 

data set was used and kriged to the high-resolution set. Figure 4 shows the LiDAR 

topography for the study area developed from all datasets.  This elevation data will be 

used to develop vulnerability maps. 
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Figure 4: Digital elevation model of study area. 
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Task 2: Groundwater Data 

After developing the LiDAR maps of the land surface into GIS layers, the second 

step for creating the model was incorporating a groundwater surface elevation. A series 

of data sources had to be mined and related to past events.  These include data derived 

from the South Florida Water Management District’s data storage and retrieval system 

called DBHYDRO. The database includes historical information for monitoring wells, 

canal stages and permit data for modeling water supply wells.  DBHYDRO has a browser 

that allows the issuer to search for specific data by using one or more known criteria for a 

specific location and time period as shown in Figure 5. The only unique time series 

identifier, known as a “dbkey,” identifies each hydrologic and physical data set. This 

helps with the organization of each station and site name. Each site could have multiple 

devices measuring groundwater depth but with different time durations consisting of 

instantaneous, mean daily value and random interval readings.  
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Figure 5: DBHYDRO groundwater data search parameter options 

The SFWMD website for DBHYDRO has a pdf of the environmental monitoring 

location maps including a map of the groundwater monitoring wells.  Figure 6 is the map 

of the groundwater monitoring wells labeled by their site names in north Palm Beach 

County including West Palm Beach and surrounding cities. This was a good starting 

point displaying a numerous amount of monitoring well sites within the project area and 

they were entered into the search by site name category. Each site represents a collection 

of stations allowing access to a group of related stations by querying a single site listing.  
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Figure 6: PDF map of the existing groundwater monitoring wells in northern Palm Beach County 
monitored by USGS and SFWMD 

 

Each site name has a list of well data sorted by a dbkey and included information 

such as the monitoring agency for each station recorder (SFWMD or USGS agencies), 

the start and end date of the recordings, frequency of recorded levels, location 

coordinates and the type of water basin as shown for site name PB-1662 in Figure 7. The 

final step in retrieving the data from DBHYDRO is inputting the parameters in the query 

data selection page that include the date range, report format, destination to send the file 

and the run mode (batch or online). The date range for the data points used the 

monitoring well data for the period from 1995 through a range of end to dates between 

May 2014 to December 2014. Older wells had less development impacts and therefore 

are less representative of current groundwater levels. The report format used was one 

value per row and the files were downloaded in comma separated format (.csv) to allow 

for sorting and analyzing in an Excel® spreadsheet.   The online mode was used for files 

less than 10,000 rows because larger size data requests create internet issues and may 
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take too long to display the report. The batch mode was used to submit the large data 

requests and a notification email was send from DBHYDRO containing a URL that 

allows the user to download the data file.  

 
Figure 7: Query date selection for monitoring well station PB-1662 

The complete list of monitoring well data was sorted by the dbkey and organized 

into an Excel® spreadsheet including new columns for northing and easting coordinates. 

These coordinates are used by ArcGIS to display the site names on a working map as 

shown in Figure 8. There was only 4 monitoring well stations that were located within the 

City’s with six monitoring well readings. The next step was to analyze each dbkey’s time 

series data.  The results for each dbkey were tabulated in ascending order and reviewed to 

determine common dates for high groundwater levels. The goal was to find a 

representative 99th percentile value for groundwater levels of each monitoring well with 

the highest elevations. The graphs were developed for each monitoring well dbkey and 

are shown in Appendix B. The 99th percentile was used because the greatest vulnerability 

to flooding occurs when the groundwater is closest to the surface. It assumes that 4 days 

of flooding can occur within a year in some neighborhood, which was the recommended 
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level of service in Miami Beach. Within the 99th percentile, four dates occurred regularly 

(July 1, 2002; July 10, 2002; July 1, 2013; September 22, 2012), but September 22, 2012 

was the most common to the data sets and is now the target date for modeling an existing 

groundwater table. The groundwater elevations for each target date dbkey were obtained 

and plotted in Figure 9.  
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Figure 8: Monitoring well locations labeled by site name  
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Figure 9: Monitoring well water table elevations for September 22, 2012 in NGVD29. 
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However, the number of total wells was limited to only 28 for the entire project 

area and there was only a total of 14 available wells with up-to-date dbkey readings that 

obtained either a daily maximum elevation or instantaneous elevation reading. The other 

14 wells were set up to obtain random interval reading which was useless because the 

readings were programed for a random time each day and did not correspond to a high or 

low groundwater elevation. Table 1 lists the dbkeys and their associated means of data 

collecting. The limited number of wells would create problems when trying to model the 

proposed groundwater layer, so a search for additional information was undertaken.   

   

Table 1: Groundwater monitoring wells data information for WPB and surrounding areas. 

 

Task 3: Modeling Data 

The additional information was found via water-use permit (WUP) 50-00615-W 

that was developed for the City of West Palm Beach in 2012 and 2013 by JLA 

Geosciences (JLA). The City was renewing and modifying the existing WUP to provide 

potable water for the projected population for the year 2032. This renewal process was 

initiated in 2011 when South Florida experienced drought conditions, resulting in the 

DBKEY STATION AGENCY COUNTY TYPE UNITS STAT FQ START END LAT LONG Northing Easting SECTION TOWN RANGE Height_NGVD29 Record_Date

TA400 PB‐1662 WMD PAL WELL ft NGVD29 MAX DA 1991 2012 264839 801149 901256.754 918034.895 24 42 41 18.95 120922

LP681 PB‐1662 USGS PAL WELL ft NGVD29 MAX DA 1991 2014 264839 801149 901256.754 918034.895 24 42 41 18.95 120922

1950 PB‐99  2 USGS PAL WELL ft NGVD29 MAX DA 1956 2014 264015 800334 850663.198 963281.460 4 44 43 10.88 120922

2669 PB‐809 USGS PAL WELL ft NGVD29 MAX DA 1975 2014 264124 800537 857562.804 952102.134 31 43 43 12.25 120922

P0778 PB‐809 WMD PAL WELL ft NGVD29 MAX DA 1978 2012 264124 800537 857562.804 952102.134 31 43 43 12.25 120922

TP359 PGAW02S WMD PAL WELL ft NGVD29 INST BK 2005 2015 265028 800959 912315.856 927987.476 5 42 42 16.75 120922

TP361 PGAW02D WMD PAL WELL ft NGVD29 INST BK 2005 2015 265028 800959 912317.374 927988.103 5 42 42 16.99 120922

TP357 PGAW01 WMD PAL WELL ft NGVD29 INST BK 2006 2015 265023 800856 911857.499 933615.597 4 42 42 16.48 120922

TP363 PGAW03S WMD PAL WELL ft NGVD29 INST BK 2005 2015 265028 801003 912319.842 927630.037 5 42 42 17.03 120922

TB043 PGAW05 WMD PAL WELL ft NGVD29 INST BK 2005 2015 265028 801115 912266.215 921044.796 6 42 42 17.36 120922

TP365 PGAW03D WMD PAL WELL ft NGVD29 INST BK 2005 2015 265028 801002 912316.184 927633.634 5 42 42 17.09 120922

TB041 PGAW04 WMD PAL WELL ft NGVD29 INST BK 2005 2015 265027 801025 912244.639 925623.900 5 42 42 17.14 120922

2435 PB‐445_G USGS PAL WELL ft NGVD29 MAX DA 1948 2015 263328 800849 809425.829 934951.542 10 45 42 17.63 120922

P0773 PB‐445_G WMD PAL WELL ft NGVD29 MAX DA 1978 2012 263328 800849 809425.829 934951.542 10 45 42 17.63 120922

W4247 PB‐847_G WMD PAL WELL ft NGVD29 RAND RI 1995 2014 264104 800259 855663.265 966435.679 34 43 43 3.47 120911

W4189 PB‐1646_G WMD PAL WELL ft NGVD29 RAND RI 1995 2012 264033 800607 852459.562 949349.825 6 44 43 11.96 120911

W4188 PB‐1645_G WMD PAL WELL ft NGVD29 RAND RI 1995 2012 264033 800607 852459.562 949349.825 6 44 43 9.92 120911

WF811 PB‐733_G WMD PAL WELL ft NGVD29 RAND RI 1995 2012 264424 800733 875654.97 941394.367 11 43 42 16.35 120911

WF812 PB‐767_G WMD PAL WELL ft NGVD29 RAND RI 1995 2012 264424 800733 875654.97 941394.367 11 43 42 16.79 120911

W4315 PB‐632_G WMD PAL WELL ft NGVD29 RAND RI 1995 2015 264647 800313 890316.442 964900.878 8 42 43 5.65 120911

W4246 PB‐620_G WMD PAL WELL ft NGVD29 RAND RI 1995 2012 264731 800353 894724.827 961202.708 28 42 43 8.52 120911

W4219 PB‐834B_G WMD PAL WELL ft NGVD29 RAND RI 1995 2012 263452 800307 818122.831 965930.137 3 45 43 7.73 120917

W4220 PB‐846_G WMD PAL WELL ft NGVD29 RAND RI 1995 2012 263452 800307 818122.831 965930.137 3 45 43 7.17 120917

W4222 PB‐888_G WMD PAL WELL ft NGVD29 RAND RI 1995 2015 263628 800303 827800.521 966225.371 27 44 43 5 120917

W4223 PB‐889_G WMD PAL WELL ft NGVD29 RAND RI 1995 2015 263628 800303 827800.521 966225.371 27 44 43 4.5 120917

W4221 PB‐693_G WMD PAL WELL ft NGVD29 RAND RI 1995 2015 263547 800305 823667.374 966124.027 34 44 43 6.56 120917

W4224 PB‐949_G WMD PAL WELL ft NGVD29 RAND RI 1995 2012 263630 800306 828010.553 965951.492 27 44 43 5.56 120917

W4225 PB‐1638_G WMD PAL WELL ft NGVD29 RAND RI 1995 2012 263657 800333 830668.342 963481.065 28 44 43 10.35 120917
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inability to obtain lake regional water for use. Due to the drought, the City had to operate 

the western well field outside the parameters outlined in 2006 WUP. JLA was contracted 

to modify the existing model from the 2006 WUP that matched the time period from 

1996-1997 to develop the 2013 WUP.  

Within the updated WUP of 2013, a series of water level contour maps were 

developed and included in the permit. The modeled water table map shown in Figure 10 

corresponds to the month of May at the end of the drought year during a scenario of no 

groundwater recharge.  Because there are a series of wellfields in and around the City, a 

static groundwater table cannot be created to properly mimic current conditions without 

considering these stressors.  As a result, the methodology for this current analysis used 

the 1996-97 water table elevation contours generated by JLA Geosciences as a means to 

set elevation points along the contour in order to develop a baseline groundwater layer 

map using ArcGIS10.2 modeling software.  

The first step was to import the raster image of the WUP’s water elevation map as 

a layer in GIS and associate it to several known spatial locations using the Palm Beach 

County aerial. This enables the user to be able to duplicate the elevation points and 

associate the points to a coordinate system for further modeling. Figure 11 displays over 

2,000 of the manually placed groundwater elevation values in and around the City and 

the elevation points stop at the edge of the raster image that was provided. The next step 

was to use a GIS program that uses statistical interpolation called kriging to create a 

groundwater surface for the known period 1996-97.   
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Figure 10: Water table elevation map from SFWMD Water Use Permit No. Re-Issue 50-00615-W Non-
Assignable developed by JLA Geosciences (source:  SFWMD files) and the mimicked water table 
elevation map in NGVD29 
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Figure 11: Manually placed groundwater elevation points in NGVD29 mimicked from the water table 
elevation map from SFWMD Water Use Permit No. Re-Issue 50-00615-W Non-Assignable developed by 
JLA Geosciences (source:  SFWMD files) 
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Kriging is an interpolation and geostatistical method that is based on statistical 

models that uses autocorrelation to generate an estimated surface from a scattered set of 

points with vertical values, known as z-values. ArcGIS10.2 provides several types of 

kriging techniques and the three types of techniques considered for this project’s model 

include ordinary kriging, simple kriging and Empirical Bayesian kriging (EBK). The 

choice of which kriging option to use depends on the characteristics of the data and the 

type of spatial data desired. Simple kriging assumes that means of the data set are known, 

and in this case, specially correlated components need to be used so simple kriging would 

not produce the most accurate output of data. Ordinary kriging algorithms were 

considered because the statistical character of the data remains constant from location to 

location even though the elevations were different. It uses a single semivariogram which 

is a function of the distance and direction separating two locations (Krivoruchko 2011). 

This enables the error variance to be minimal.  The EBK method takes the ordinary 

kriging one step further by accounting for the error introduced by estimating the 

semivariogram model and uses many semivariogram models rather than a single 

semivariogram. The EBK method was used to develop a kriged groundwater layer from 

the faux elevation points and is shown in Figure 12. The intent of this map was to derive 

an overall surface for groundwater given pumping and other conditions, keeping in mind 

that the model was run for groundwater withdrawal purposes during extreme dry events 

when the aquifer was low. 

After analyzing the developed kriged layer, the WUP pdf map did not include the 

entire area of the City and the geo-referencing of a raster image could have created some 

error. In a fortunate circumstance, the South Florida Water Management District had the 
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original MODFLOW files for the JLA model run for permitting purposes. MODFLOW is 

the USGS’s three-dimensional finite difference groundwater model and is considered an 

international standard for simulating and predicting groundwater conditions (USGS 

2015). The output files of the MODFLOW included a letter report that applied to Task 1 

of the WUP of 2013 which involved updating and re-calibrating of a groundwater model 

that was previously developed. It states that the model domain encompasses an area of 

approximately 236 square miles, consisting of 156 rows and 85 columns, with uniform 

704-foot by 704-foot grid cells as shown in Figure 13.  
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Figure 12: Kriged groundwater layer replicating the groundwater surface of the WUP of 2013 in NGVD29 
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Figure 13: MODFLOW model grid pdf map from WUP 2013 
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After obtaining this information, a duplication grid was developed. The first step 

was to extract the 13,260 grid valves from the MODFLOW output file. The values were 

listed as a string of numbers and needed to be organized in excel to represent the exact 

location of each grid when imputed in ArcGIS10.2. Next the grid need to be developed in 

GIS using the create fishnet tool from the data management tool box. The first grid cell 

location was imputed in the origin X and Y coordinate box and the cell width and height 

were also inputted. The geometry type was chosen to be polygon, along with the create 

label points and the output grid model is shown in Figure 14. The last step was to attach 

the correct elevations to the correct grids and was done with the use of the extract values 

to points tool in the special analyst toolbox.  

The grid values were converted to a raster points using the raster calculator tool 

located in the map algebra, special analyst toolbox. The EBK method was then used to 

run the groundwater model and a map of the kriged groundwater was developed and 

shown in Figure 15.   With a more accurate groundwater layer, the proposed September 

22, 2012 groundwater map can be developed with the use of the MODFLOW water 

contour map to calibrate the areas that lack monitoring wells.  
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Figure 14: Duplicated model grid developed from the MODFLOW model grid pdf map using ArcGIS10.2 
software. 
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Figure 15: Duplicated groundwater elevation map of the 1996-1997 MODFLOW data in NGVD29. 
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Task 4: Tidal Data 
 

To incorporate the MODFLOW and monitoring well data for the target date of 

September 2012, boundary conditions needed to be established to create a more accurate 

result when kriging using the EBK method. The model boundary to the east of the project 

limits is the coastal tidal data. The National Oceanic and Atmospheric Administration 

(NOAA) has defined tides as a long-period waves that move through the oceans in 

response to the forces exerted by the moon and sun. There are three types of tides; 

diurnal, semidiurnal, and mixed semidiurnal. The type of tide experienced in 

Southeastern Florida is a semidiurnal tide which is two high and two low tides of 

approximately equal size every lunar day (NOAA, 2010).  King tides bring unusually 

high water levels to coastal areas annually, and they can cause local tidal flooding. King 

tides may help preview how sea level rise will affect coastal regions in southern Florida. 

The most profound King Tide in south Florida typically occurs during the month of 

October. The water levels reached now during a king tide will likely be the water level 

reached at high tide on an average day a hundred years in the future (EPA, 2014). The 

tidal influences which can lead to groundwater levels just inches below the ground 

surface in some areas that are low topographically (Bloetscher et al, 2011).  Hence, the 

region suffers from the highest tides, highest groundwater levels and sea level rise 

concurrently, which increases the potential for flooding.  

The tidal fluctuations for a 5-year period at the Lake Worth pier ranging from July 

2010 to July 2015 were evaluated.  During the spring months, the mean high tide is less 

than 1 foot NAVD88 nearly all of the time and periodically below zero feet but in the 

fall, mean high tide is routinely over 1 foot NAVD88.  It was determined that the 95-100 
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percentile tides occurred primarily in the September, October and November timeframe 

(by listing all tides in ascending order – see data in Appendix A).  The tidal data was 

collected for high tide levels on September 22, 2012 to create a controlled boundary on 

the east side of the study area and is shown in Figure 16. 

 

 

Figure 16: Semidiurnal high tide results collected from the Lake Worth Pier for the target date (MLLW). 

 

NOAA records their data using a tidal datum which is a standard elevation 

defined by a certain phase of the tide (NOAA, 2010). Each datum is referenced to fixed 

points with unique oceanographic characteristics known as bench marks.  The tidal data 

values obtained from the Lake Worth pier were referenced to the Mean Lower Low 

Water (MLLW) datum which is the datum used to apply the values to surveying and 

bench mark publications such as NAVD88. To convert the MLLW values to NAVD88, 

an interpolation between the two datums needed to be conducted and is dependent on 

location. Due to the complexity of the conversion, NOAA developed a VDatum software 

tool designed to vertically transform geospatial data among a variety of tidal vertical 

datums allowing users to convert a variety of data into a common system (NOAA 2015). 

Appendix A displays the vertical datum transformation software’s input parameters such 
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as the horizontal datum and coordinate system type, the vertical datum type and 

measurement unit, and the GEOID model type. The GEOID model is used for 

transforming heights between ellipsoidal coordinates and physical height systems that 

relates to water flow in a particular region. For this transformation GEOID12A was used 

because it relates to the United States and up to 30km off shore.   

The difference between MLLW and NAVD88 for the Lake Worth Pier is -2.454 

feet. Between the two high tide values for the target date, the higher value of 3.278 

MLLW was converted to NAVD88 and resulted in a highest value of 0.824 feet. The next 

step was to convert NAVD88 to NGVD29 because all the other data was recorded in 

NGVD29.  The National Geodetic Survey (NGS) developed a software program called 

VERTCON which transforms data between NGVD29 and NAVD88. VERTCON 

computes the modeled difference in orthometric height for a specific location with the 

use of the location’s latitude and longitude coordinates. Figure 17 displays the magnitude 

of the differences between the two height systems and the difference in heights ranges 

and is very complex. The latitude and longitude was entered in the software to convert 

the height in feet and resulted in a high tide height of 2.349 feet in NGVD29.   
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Figure 17: Display of the height differences between NGVD29 and NAVD88 across Florida (SFWMD) 

Task 5: Groundwater Layer 

A groundwater layer was developed using the groundwater data obtained from 

DBHYRO, modeling data from the water use permit, and boundary conditions including 

tidal data and water table elevations for Grassy Waters Preserve. The groundwater data 

obtained from DBHYDRO database had elevation values in NGVD29 vertical datum 

along with the values from the MODFLOW output. Due to this reason the datum was not 

converted to NGVD88 for comparison reasons, they will be converted for the final maps. 
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The EBK method was used as the kriging tool to model a preliminary groundwater layer 

for the target date not including data from the MODFLOW as shown in Figure 18.  

Because the proposed groundwater layer has limited data, the kriged MODFLOW 

groundwater map was used as a reference for the target date map. The water level data 

including monitoring well locations, grassy waters and high tide for the target date was 

compared to the groundwater layer created from the MODFLOW output. The two maps 

were overlaid in ArcGIS10.2 and from the known points of the monitoring wells, grassy 

waters and high tide, the elevations from the MODFLOW map were obtained from each 

location. The difference between each location was organized in ArcGIS10.2’s attribute 

table and kriged using the EBK technique.  The result allowed for the development of a 

“kriged” wedge that reflects the difference in elevation between the MODFLOW 

groundwater layer and the groundwater levels measured on September 22, 2012 (see 

Figure 19). Consistently, groundwater elevations were higher along the coastal ridge 

(FEC railroad) and east, while remaining much the same on the west.  This is due to the 

water level management within the Grassy Waters Preserve controlling the water levels at 

basically the same elevation year-round and that the MODFLOW output model was 

design around dry conditions and assuming a tide of 0 feet (NGVD29) elevation.  

The next step was to extract the elevation changes from the groundwater elevation 

change kriged wedge (Figure 19) using the grid locations from the MODFLOW output 

map. The grid locations were used as extraction points to accurately add the elevation 

changes to the MODFLOW groundwater layer (Figure 15) to create the September 22, 

2012 99-percentile groundwater elevation map (Figure 20). The 99-percentile map will 

be the model to illustrate vulnerable areas of flooding within the City. 
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Figure 18: Preliminary modeled groundwater layer comprising of DBHYDRO data in NGVD29. 
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Figure 19: Kriged wedge of the elevation change from MODFLOW data to target data 
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Figure 20: Target date of September 22, 2012 99 percentile groundwater final elevation map developed 
using MODFLOW and groundwater elevation change map. 
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Task 6: Comparing Topography with Groundwater 

Groundwater and surface topography are used collectively to help quantify soil 

storage capacity and the ability of stormwater runoff to percolate into soil. Although 

ground surface topography identifies areas vulnerable to SLR, available soil storage 

capacity is what identifies flooding potential.  To identify areas with soil storage capacity 

issues, the groundwater levels need to be determined and compared with ground surface 

elevations.  Imperviousness is also a factor since it can delay soil drainage.  

Construction of stormwater modeling requires interpretations of a variety of data 

which must be synthesized on a global as well as a local scale.  Where GIS data has 

gathered information like individual structures, stormwater models can predict results 

with relative accuracy, but the demands on computational time, memory and speed are 

impacted when large areas are modeled.  In addition, small impacts, like missed inputs 

from outside the boundary of the model, may derail the best intentions.  To address the 

scaling issue with modeling stormwater for the entire City, a protocol was developed for 

defining the imperviousness of the developed property, converting the imperviousness of 

the developed property to CN numbers as defined by the Soil Conservation Service and 

roughness coefficients of the terrain.   

The information associated with the current program was evaluated based on the 

best data available and was developed based on the data currently available from Palm 

Beach County Property Appraiser’s office.  The information provided included the “GIS-

developed” lot area (where available), a map-parcel connection, building area, property 

land use category and aerial data.  From this information, the impact from development to 

properties was reviewed and inventoried.  Verification of specific parcel data included 
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aerial inspection. The calculations for the recommended assumption for impervious 

coverage along with the associated CN value and Manning’s Coefficient for each type of 

Land Use was developed to assist in future modeling of the City’s stormwater 

infrastructure and is in Appendix D.  

The purpose of SLR vulnerability modeling is to explore future vulnerabilities of 

infrastructure, buildings and facilities on public and private property due to the increase 

in sea level by predicting how areas with low ground surface elevations may be affected 

by inundation from the rising ocean directly, from rising groundwater levels, and 

inundation from the inability of inland areas to drain.  Bloetscher et al (2012) found that 

the groundwater elevation would seek high tide as opposed to average tides.  Thus, 

projecting groundwater levels will indicate infrastructure with a greater vulnerability for 

flooding where water, sewer, stormwater and transportation infrastructure in low-lying 

inland areas may be compromised faster due to the loss of soil capacity. This finding was 

used to update the modified “bathtub” model methodology (see Romah, 2011, Bloetscher 

et al 2012).  The next issues are to consider the level of service to be provided.    

The level of service (LOS) indicates how often it is acceptable for flooding to 

occur in a community on an annual basis.  The failure to establish an acceptable LOS is 

often the cause of failure or loss of confidence in a plan at a later point in time.  The 

effects of SLR on the level of service should be used to update the mapping to 

demonstrate how the level of service changes, so that a long-term LOS can be defined 

and used for near-term planning. 

The US Army Corps of Engineers’ vulnerability definitions were used based on 

the difference between ground surface elevation and groundwater level elevation to 
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define vulnerable areas with a difference of 0 or less, potentially vulnerable areas with a 

difference of 0-2 ft, and not vulnerable area with a difference greater than 2 feet.  The 

term “potentially vulnerable” is used for areas that need further investigation to deal with 

the uncertainty of timing and surface improvements that might affect the situation.  The 

groundwater levels are the result of investigating all USGS and SFWMD monitoring 

wells and those other monitoring wells with at least 15 years of data to determine the 

critical junctures that would increase vulnerability to surface flooding.      

For ease of understanding, the use the protocol established by Romah (2011) for 

SLR vulnerability will designate vulnerable areas in red, potentially vulnerable areas as 

yellow, and non-vulnerable areas as green.  Results were developed for the current 

condition and SLR scenarios of, 1 feet (0.3 m), 2 feet (0.6 m), and 3 feet (0.9 m).  The red 

color will represent areas currently vulnerable and may be in the absence of stormwater 

infrastructure.   

Task 7: Generating Cost for Infrastructure Improvements 

The final piece of the project was to identify costs and the types of projects that would 

help correct short and long-term deficiencies related to stormwater infrastructure.  This 

was accomplished by determining where current infrastructure might be lacking, 

identifying potential solutions for stormwater problems and assessing costs for same.  

The latter, due to the size of the City and lack of detailed stormwater modeling, were 

magnitude of scale estimates in 2015 dollars, based on bids reviewed or received by the 

investigators in southeast Florida.  
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RESULTS AND DISCUSSION 

 The purpose of SLR vulnerability modeling is to explore future vulnerabilities of 

infrastructure due to the increase in sea level by predicting how areas with low ground 

surface elevations may be affected by inundation from the rising ocean, from the rising 

groundwater levels, and inundation from the inability of inland areas to drain. The 

objective of this section was to tabulate the vulnerable areas using the target groundwater 

layer map developed using the 99-percentile data from September 22, 2012. This map 

was then analyzed under specific SLR scenarios and an estimated cost for infrastructure 

improvement for each level of sea rise was developed with an emphasis on the vulnerable 

areas. The next step was to develop a toolbox for analyzing the stormwater infrastructure. 

Vulnerable Areas Under Specific Sea-Level Rise Scenarios 
 

Based on Figures 21-24, Table 1 outlines the area within the City subject to 

vulnerability (red), potential vulnerability (yellow) and not vulnerable (green) in the City. 

The City has a total acreage of 36,979 and at the current condition of September 22, 

2012, the vulnerable area consists of 26,259 (71% of land and water combined).  This 

number sounds like a lot but the City’s surface consists of about 50% water. At 1 foot of 

SLR, an increase of about 2,500 acres is added to the vulnerability list encompassing 

about 29,000 acres in total. At 2 feet of SLR, the vulnerability area increases by 1,612 

acres and at 3 feet of SLR the vulnerability increases by 1,351 acres totaling the 
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vulnerability to 31,789 acres.  Note that the total area remains the same, but the area in 

red increases as sea level rises. 

 

Figure 21: Depth to groundwater under current conditions used for vulnerability analysis 
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Figure 22: Depth to groundwater for 1-foot of SLR used for vulnerability analysis 
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Figure 23: Depth to groundwater for 2-foot of SLR used for vulnerability analysis  
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Figure 24: Depth to groundwater for 3-foot of SLR used for vulnerability analysis 
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Table 1: Summary of Areas at Risk and Estimated Capital Needs 

Vulnerability 
SLR R(acres) Y(acres) G(acres) 

Capital Needs 
(MM) Timeline 

Value 
(MM)/yr 

Sept. 22, 
2012 26,259 4,634 6,086       
   delta 2,567      $    193 2015-2050  $      5.51 
1ft 28,826 3,411 4,742       
   delta 1,612      $    121 2035-2080  $      2.69 
2ft 30,438 2,976 3,565       
   delta 1,351      $    101 2070-2100  $      2.59 
3ft 31,789 2,458 2,733       
              
total area 117,312     $15M/200 ac   

 

Costs for Improvement Per Scenario 

An estimated current cost of $15 million per 200 acres (Table 1) was used to 

predict likely budget level costs and timeframes for potential adaption of the existing 

stormwater management system for SLR (Bloetscher, Wood 2016).  Figure 25 shows 

areas of the City which are currently served by existing stormwater management 

infrastructure. Figure 26 shows a finer grid in the developed area of the downtown area of 

the City.  It is assumed that at least 80 percent of the areas currently vulnerable have 

some form of service from stormwater management systems.  A much finer evaluation of 

neighborhoods is needed to determine if a given level of service is met or there are local 

circumstances that increase vulnerability.   
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Figure 25: Location of the City of WPB stormwater infrastructure 
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Figure 26: Location of the City of WPB stormwater infrastructure in and around downtown 
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To help define the cost of improving stormwater infrastructure, small 

neighborhood streets within the City’s areas of vulnerability were located (Figure 29-30) 

and stormwater improvement were designed and costs associated with the design were 

developed. As sea level rises, outfall structures will need to be improved to prevent 

saltwater from backwashing into the streets along with sand intrusion. The following 

example (Figure 27) gives an idea of what the costs would be to improve an existing 

outfall and the entire project, including tying into the existing storm water infrastructure 

would cost about $150,000 (Table 2) for 470 linear feet of pipe, manhole structures and a 

bubble up outfall structure in 2015 dollars.  

The next example (Figure 28) is for an exfiltration trench design to help with 

storm water quality and to help replenish the groundwater supply instead of dumping the 

stormwater out into the ocean. The estimated cost for this type of project is around 

$690,000 (Table 3) for reinforced concrete pipe (RCP), drainage structures and road 

restoration. The benefit for these types of designs is that in the future the regulation 

agencies may put a stop to releasing the stormwater into the ocean and the more of these 

types of designs will help with that issue. There are other types of exfiltration trench 

designs and costs associated with the design in Appendix G. 

Figures 29 and 30 outline the areas where the City does not have infrastructure 

but does have vulnerability.  For the current scenario, all areas with vulnerability need to 

be considered, but areas currently served may be subtracted from the needs in Table 1.  

This i not to say those areas can be ignored, but double counting areas already served 

may lead to unrealistic concepts of the actual current deficiencies in the system. 
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Figure 27: Conceptual stormwater outfall infrastructural design 

 

Table 2: Estimated cost for an outfall structure design 
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Figure 28: Conceptual exfiltration design to help refurbish the groundwater 

 

Table 3: Estimated cost associated with an exfiltration design 

 



54 

 

Figure 29: The City of WPB stormwater infrastructure comparison with groundwater elevations 
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Figure 30: Blue areas indicate vulnerable areas without sufficient existing stormwater infrastructure 

 

 

Insufficient Stormwater Infrastructure  
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Tool Box for Analyzing Stormwater Infrastructure 

The next step is to analyze vulnerability spatially, by overlaying development 

priorities with expected climate change on GIS maps to identify hotspots where 

adaptation activities should be focused. This effort includes identification of the critical 

data gaps which, when filled, will enable more precise identification of at-risk 

infrastructure and predictions of impacts on physical infrastructure and on communities. 

Since roadways and other infrastructure are normally designed for 50 to 100-year service 

life, and are rarely abandoned, long-term planning for climate impacts is of critical 

concern, especially when storm events may create temporal impacts that damage 

infrastructure and make it impossible to access certain services, for example access to 

health services.  

Based on findings of the vulnerable areas, the next task involves the development 

of scenarios whereby toolbox options are utilized to address flooding in the community. 

The goal is identifying successful flood mitigation strategies used by other cities facing 

similar drainage and construction problems. These two issues are then combined to 

develop a framework to evaluate the impacts of climate change on infrastructure and 

economic development (as they are intrinsically intertwined). Figure 31 outlines a 

simplified flow chart used as a basis for the evaluation.   
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Figure 31: Simplified flow chart used as an analysis tool 

 

The strengths of this framework are the initial focus on location-specific science, 

the use of both economic and social evaluation criteria, and the notion that the plan is not 

a fixed document, but rather a process that evolves in harmony with a changing 

environment.  The final two steps occur at regular intervals by the community with 

associated adjustments made. 

Whatever projection is placed on sea level rise dates, they need to consider 

uncertainty in the rate of warming, deglaciation, and other factors.  When planning 50-

100 years, other factors can come into play as well.  Thus, from the perspective of the 

authors, to allow flexibility in the analysis due to the range of increases within the 

different time periods, an approach that uses incremental increases of 1, 2, and 3 feet of 

SLR was considered for the scenarios.  

Risk Assessments 

Utilities must judge the vulnerability of their infrastructure and operating protocols to 

develop mitigation and adaptation strategies (Wallis, et al, 2008). Utilities are encouraged 
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to use risk assessment to deal with the uncertainties associated with the effects of climate 

change. Strategies to deal with climate change impacts should include adaptive 

management techniques employed during planning and operations, as well as 

infrastructure improvements. The first step should be maximizing water conservation 

efforts, which is the most cost-effective source of supply and provides both mitigation 

and adaptation benefits. Determining the appropriate actions or strategies to adapt to 

climate change involves using a vulnerability assessment approach to evaluate the need 

for operational changes, and/or to install new infrastructure or “harden” existing 

infrastructure.  Risk assessment requires evaluation of the likelihood of the climate 

change impact occurring.  For Florida, the changes in rainfall patterns and sea level rise 

are the most pressing concerns.  Both should be evaluated with respect to likelihood.  The 

uncertainty is how much and how fast sea level will rise and how precipitation patterns 

will change.  

Freas et al (2008) suggest using risk assessments as a means to determine system 

vulnerabilities for infrastructure and supply sources, and identify a dual analytical 

approach – the threshold - scenario risk assessment framework. The threshold approach is 

a qualitative based assessment which relies on experience and judgment of professionals 

to define vulnerabilities and adaptive strategies.  Freas, et al (2008) indicate that to set the 

thresholds for water systems, the experience and judgment of experienced water 

managers with respect to meteorological and natural systems is required. The threshold 

impacts are assigned based on the most susceptible infrastructure to climate impacts.  

Freas et al (2008) note that setting these thresholds for water systems requires four steps: 

1. Define the performance criteria of the water system infrastructure 
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2. Establish climate change variables of importance  

3. Define water system component responses to climate change variables 

4. Develop adaptation strategies that will reduce or eliminate the impact based on 

vulnerability assessment, performance risk. 

Threshold analysis should identify the weak areas of the water system that need 

hardening through either adaptive strategies or infrastructure changes that remove the 

vulnerability.  A diversified approach to water supplies is the best method to minimize 

future risks.   

A more quantitative approach is the scenario risk assessment which identifies the 

likelihood of failure. The purpose of this approach is to quantify risks of a utility’s 

current system given climate change effects. This type of assessment is similar to other 

infrastructure risk assessment currently conducted.  Freas et al (2008) have identified a 

series of 7 steps for this purpose, and two additional steps have been added here, 

identifying hardening measures and actually making a decision.  

1. Select a range of climate change scenarios based on commonly accepted models 

2. Translate these to local scenarios 

3. Identify climate change variables of importance (e.g. rainfall frequency, rainfall 

volume, temperature, sea level) 

4. Determine system responses locally to projected local climate change scenarios 

(e.g., incorporate rainfall changes into surface flow models) 

5. Develop adaptation strategies (e.g., diverse supply sources, regional 

interconnections) 
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6. Evaluate robustness of the adaptive strategies on the climate change scenario 

analyses 

7. Identify hardening measures. 

8. Evaluate overall system performance 

9. Making the decisions needed to adapt to the change  

The Pew Center report on climate change indicates that the socioeconomic 

implications of climate change on water supplies and demands, or the lack thereof, will 

be directly related to the ability of water managers and planners to act on required plans, 

infrastructure and development changes in the near term (Frederick and Gleick, 1999). 

Planning and implementation for sustainable water supplies will require an understanding 

of how Florida water resources are affected by climate change.  Deyle, et al (2007) 

outlines that the need for planning for adaptations, protection and potential retreat from 

climate change impacts will be especially important given the competition for scarce 

public dollars to develop water supplies that can adapt to climate changes over the next 

20 to 100 years.  These measures include adaptations for water supplies and adaptations 

for infrastructure.  The next task involves the development of scenarios whereby toolbox 

options are utilized to address flooding in the community. The goal is identifying 

successful flood mitigation strategies used by other cities facing similar drainage and 

construction problems. 

The toolbox describes a variety of strategies that could be used to improve the 

regional resiliency in response to sea-level rise.  Note they are site or community specific 

and most require significant engineering and planning to determine the best mix.  

Communities may spend millions identifying their programs and hard infrastructure 
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systems are usually the first systems to be impacted because they are lower than buildings 

and are used for transportation.  Roadways are the first areas that will see more frequent 

flooding as roadways are traditionally built at elevations lower than the finished floor of 

structures. In addition, most infrastructure systems are located within the roadways 

(water, sewer, storm-water, power). As a result, there is a need to prioritize where funds 

are spent on transportation infrastructure and other major investments. Catastrophic 

flooding would be expected during heavy rain events because there is nowhere for the 

runoff to go. The vulnerability of transportation infrastructure will require the design of 

more resistant and adaptive infrastructure and network systems. This would, in turn, 

involve the development of new performance measures to assess the ability of 

transportation infrastructure (e.g., roadways, bridges, rail, sea ports, airports) to withstand 

sea-level rise, and to enhance resilience standards and guidelines for design and 

construction of transportation facilities. Specifically, considerations must include retro-

fitting, material protective measures, rehabilitation and, in some cases, the relocation of 

facilities to accommodate sea-level rise impacts.  As they are related, groundwater is, 

similarly, expected to have a significant impact on flooding in these low-lying areas as a 

result of the loss of soil storage capacity. While previously overlooked, our study 

demonstrates that ground water needs to be an important consideration of planning 

efforts.   

Adaptations to Address Infrastructure Issues  

In order to complete risk assessments, a utility (regional or local) needs sufficient 

knowledge of its local hydrology and water supply needs and the tools to assess changes.  

In general, a diversified approach to stormwater is the best method to minimize future 
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risks associated with climate change uncertainties. This includes the development of 

surface water flow forecasting models, demand forecasting models, and an integrated 

surface water – groundwater hydrologic model, which all incorporate rainfall and 

temperature variables as driving forces. These models can take output of downscaled 

climate models that provide different rainfall and temperature time series and make 

assessments of the effects of changes in these parameters how they affect one’s service 

area.  

These types of planning models provide water supply managers with the ability to 

evaluate alternatives and provide a basis for making decisions. Once assessments are 

made and strategies (both adaptive and hardening) identified and evaluated, decisions 

must be made.  Risk-based decision making is one approach that can be used to balance 

risks and costs and incorporate the uncertainties associated climate change. 

Diversification of options can balance multiple environmental and climate change 

objectives. 

Sea level rise is the highest risk issue for much of the population of Florida which 

is located in areas with elevation less than 20 ft above sea level.  Adaptation strategies to 

address sea level rise will be required in light of global changes coupled with funding 

competition to protect/armor public infrastructure and coastal private property to prevent 

relocations of population centers. Two categories of adaptation should be considered: 

protection and accommodation (Deyle, et al, 2007).  Strategies for infrastructure 

protection to combat small increases in sea level rise may include:  

1. Stormwater improvements, 

2. Beach re-nourishment efforts, 
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3. Protection of sanitary sewer systems, 

4. Alter wastewater disposal patterns to include beneficial reuse and salinity barriers.  

At the center of these planning efforts should also exist the provision for an 

adequate drainage system, designed to accommodate an increased volume of water. This 

provision will be critical in protecting the roadway base.  At present, most base courses 

are installed above the water table.  As long as the base stays dry, the roadway surface 

will remain stable.  As soon as the base is saturated, the roadway can deteriorate and 

infrastructure accommodation adaption needs to be incorporated. Strategies for 

infrastructure accommodation to adapt to moderate increases in sea level rise may 

include: 

1. Exfiltration trenches 

2. Infiltration trenches 

3. Install stormwater pumping stations in low lying areas to reduce storm water 

flooding (requires studies to identify appropriate areas, sites and priority levels) 

4. Added dry retention 

5. Armoring the sewer system (G7 program) 

6. Raise roadways 

7. Class V gravity wells 

8. Class I injection wells 

9. Bio-swales 

10. Raise sea walls 

11. Relocate wellfields westward/horizontal wells 

12. Salinity/lock structures 
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13. Regional relocation of locks to Pump stations 

14. Pump to Everglades via Regional system 

15. Pump to tide 

16. Redevelopment control ordinances and policies 

17. Public acquisition of at risk property 

18. Risk communication 

19. Relocation of wells,  

20. Regionalization of water supply utilities, 

21. Conversion to new water supplies such as desalination,  

22. Coastal armoring including lock and salinity structures, 

23. Artificial recharge scenarios, 

24. Transfer of resources between regions.  

FDOT and most municipalities rely heavily on exfiltration trenches or French 

drains.  These systems work because the perforated piping is located above the water 

table, thereby allowing water to leak out; however, they cease to function if they are 

located below the water table.  As the water table rises, exfiltration systems in low-lying 

areas will cease to work as they become submerged.  Because these systems will not be 

viable as sea levels rise, future storm water systems should be designed like sanitary 

sewers with tight piping, with minimal allowances for infiltration, and adequately sized 

pumping stations that permit discharge points and means for associated treatment of the 

storm-water.  Discharge of storm-water to water bodies may portend poorly to vital 

seagrasses and reefs, so some effort will be required to determine the level of treatment 

needed to protect the ecosystem in the face of excessive water levels.  Drainage wells 
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could be an essential component to improving drainage systems.  These wells require 

splitter boxes and filters to remove solids, regular inspections, and regular maintenance 

which would need to be included in budget considerations.  

Strategies to adapt to large increases in sea level rise could include extensive 

diking and relocation of large populations toward the central part of the state, which 

already faces water supply limitations.  Choosing which options to pursue depends on 

which climate change scenario(s) are deemed most likely during the planning process.  

The issues ranging from small increases of SLR to large increases in SLR are briefly 

discussed in the following paragraphs and will identify benefits, limitations, location of 

implementation and cost associated with them.  

Beach Renourishment Efforts 

Beach renourishment is often an expensive and controversial issue.  Deyle, et al 

2007 suggested that one of the benefit of beach renourishment with respect to climate 

change is that the beaches become larger, which perhaps stems the approach of wave 

action and could be a component of a hardening strategy for utilities. Unfortunately, in 

the presence of high winds, hurricanes or northeasters, beach renourishment is a 

temporary solution which washes away.  Beach renourishment requires an appropriate 

sand, sand density and placement with respect to benthic issues.  The activity generally 

stirs bottom sediments resulting in a temporary pulse of high nutrient-laden water near 

shore.  Beach renourishment efforts limit access to beaches for a period of time, and can 

cost over $1 million per mile, with the likelihood of needing replacement every 3-7 years.  

With 1300 miles of coastline, this would entrain billions of dollars spent repetitively to 
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protect the coast.  The program is only useful if sea level rises are on the low side of 

predictions. 

Canal Systems 

Water managers in Southeast Florida use the extensive system of drainage canals 

to control water table levels.  Canals and control structures are built to control flooding 

through discharge of storm water to tide in coastal areas. Properly placed control 

structures can also prevent the inland migration of seawater in the canals and 

substantially define the location of the saltwater intrusion front. 

Storm water management during the rainy season and major rainfall events will 

become increasingly difficult as sea level continues to rise along with water table levels. 

The risk of flooding will increase as sea level rise compromises the flow capacity of the 

storm drainage system. Canal structures, localized and regional pumping stations, and 

piping may be needed. 

As SLR becomes more of a threat, an alternative for flooding mitigation includes 

converting exfiltration trenches to infiltration galleries.  Because saltwater has higher 

density than fresh water, the fresh water in the aquifer tends to flow above the saltwater 

as it approaches the coast. An infiltration gallery has a much shallower but broader 

drawdown cone.  

Because it is critical to protect the roadway base, all efforts should begin with 

providing the base with adequate drainage systems to meet future conditions.  At present, 

most base courses are installed above the water table.  As long as the base stays dry, the 

roadway surface will remain stable.  As soon as the base is saturated, the roadway can 

deteriorate.  As water levels rise, well point systems may need to be installed for more 
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permanent drainage.  However, well point water is usually turbid--containing sand, other 

particles, and contaminants from runoff, which requires an offsite discharge zone.  

Treatment areas for removal of particulates and sand will also be required, requiring 

additional area for discharge purposes.  Wellpoint pump stations need to be regularly 

spaced along the affected roadway.  As a result, a series of pump stations might be 

needed for every mile of roadway since typical dewatering systems are generally 

confined to areas less than 500 feet in length.  Since wellpoint stations do not function in 

flood conditions, additional drainage measures must be taken to address wellpoint failure 

during heavy rainfall events.  The costs for such systems could exceed $1 million per lane 

mile.   

Raised Roadways 

Florida Department of Transportation (FDOT) and most municipalities rely 

heavily on exfiltration trenches or French drains.  These systems work because the 

perforated piping is located above the water table.  They cease to function if they are 

located below the water table.  Exfiltration systems in low-lying areas will cease to work 

as they become submerged.  Future storm water systems should be designed similar 

sanitary sewers with tight piping, minimal allowances for infiltration and adequately 

sized pumping stations with permitted discharge points and means for associated 

treatment.      

For low-lying areas, elevating roads may be an option.  However, this option 

comes with two significant issues:  roadway elevations and impacts on adjacent 

properties.  Roadways are designed for 50 to 100-years of service life. As a result, 

transportation agencies should design roadway bases to be above the mean high water 
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table of 5 ft NGVD.  Such roads would likely have surface elevations at or above 8 ft 

NGVD, well above many of today’s low lying roads and in many cases above the 

finished floors of adjacent properties, and they will act as dams unless provisions, such as 

culverts or pumps, are made for horizontal movement of water, creating a potential storm 

water runoff concern.  Raising roadways is expected to exceed the cost of new roads.  We 

estimate it will cost $1 million per lane-mile, plus the additional right-of-way costs.  In 

addition, sanitary sewers, water mains and other utilities underlie these pavements.  

Elevating the roads would require manholes to be reconstructed, water lines replaced and 

most other underground utilities replaced.  The costs for these improvements are 

estimated at roughly $4 million per mile of roadway. 

Stormwater Improvements 

In urban areas, stormwater collection and management systems may need to be 

redesigned to increase capacity since current capacity is not likely to address new 

peaking factors associated with climate change. Development causes the ground surface 

to become more impervious, which results in greater runoff of rainfall and a loss of 

infiltration.  The heightened runoff patterns increase the likelihood that older 

infrastructure (piping) will be insufficient to move water from developed areas, resulting 

in increased funding.  Storage areas to delay movement of water to tide and increase 

infiltration capacity are priorities. The loss of wetlands, mangroves and other coastal 

ecosystems diminishes the ability to store water or to provide areas to direct excess 

precipitation to avoid flooding.  Conservation of land to prevent development over areas 

where stormwater may collect, in floodplains and low areas should be a land use priority.  

Reduced development and the migration of development in these areas should be a 
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priority in local communities.  The use of low impact development (LID) techniques to 

delay peak and reduce stormwater runoff can be a cost-effective option to consider from a 

land use perspective.  Costs for stormwater improvements are difficult to quantify.  Costs 

for changes in development patterns and protection of low lying areas will be costly and 

highly controversial. 

Receiving Water Quality Issues 

Lettenmaier et al 2008 noted that water quality is sensitive to increased water 

temperatures, changes in patterns of precipitation, and changes in pollutant loadings. If 

stream temperatures increase due to climate, there will be both direct and indirect effects 

on aquatic ecosystems, especially during low flow periods.  Water quality impacts to 

surface waters due to climate change are currently difficult to quantify. Lettenmaier et al 

2008 noted that there are no current hydrologic observing systems for purposes of 

detecting climate change or its effects on water resources, and limited studies of 

hydrologic trends in the southeast or Florida.  Lins and Slack showed generally 

increasing streamflow over most of the southeast in the second half of the 20th century 

while Czikowsky and Fitzjarrald (2004) analyzed streamflow patterns related to increased 

evapotranspiration at the beginning of spring.  USEPA (2008) notes that lower flows in 

streams during the summer and fall could substantially reduce available dilution in those 

streams, thereby concentrating salts and other pollutants. Temperature will reduce 

dissolved oxygen (by increasing temperature and increasing metabolism). As a result, it 

may become more difficult to meet or maintain current surface water quality standards 

for receiving water bodies.  There are three principal responses to climate change with 
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respect to water quality standards: expand efforts to meet current standards, modify 

criteria to protect uses; and, modify designated use.  

Use of Reclaimed Water 

Currently, most reclaimed water use occurs on the west coast of Florida and 

central Florida.  A major reason is that many wastewater treatment plants originated as 

small developer-owned systems designed to serve their development, and later were 

deeded to local governments. Conventional disposal methods (e.g., stream discharges or 

ocean outfalls) are not easily permitted or have proven to not be sustainable in this part of 

the state.  The costs of injection wells for small systems cannot be justified either, so the 

reuse (usually by percolation ponds) of small quantities of wastewater was the chosen 

alternative for disposal. 

Wastewater disposal practices will need to be evaluated in light of climate 

change. Wastewater dischargers may need to change treatment to reflect the increased 

degree of difficulty in meeting current standards or relocate discharge outfalls.  Some 

standards (i.e., pollutant-specific goals) may need to change to reflect more sensitive 

environmental conditions (USEPA, 2008). The effects of climate change may lead to 

relocating sewage treatment plants and discharge outfalls.  One alternative to discharging 

effluent is the use of treated wastewater (i.e., reclaimed water).  The use of reclaimed 

water is a stated goal of the Comprehensive Plan for the State of Florida; Florida is 

among the leaders in reclaimed water use in the United States, with some 400 facilities 

using reclaimed water for a variety of uses, including the irrigation of agricultural land, 

golf courses, roadway medians, landscaping and residential homes and industrial uses 

such as cooling towers.    
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Relocation of Wells  

Water supply issues are a potential problem throughout the state since so much of 

the state relies on groundwater.  With the exception of north Florida, Tampa Bay and 

West Palm Beach, virtually all of the rest of the state relies on groundwater, most of 

which recharges outside the immediate service area.  The central part of the state relies on 

the Floridian aquifer which recharges from Georgia on south through Gainesville (and 

perhaps further).  This water is a fresh water supply, and is expected to continue to be so.  

However, changes in precipitation patterns, especially lessening precipitation, coupled 

with added demands will potentially affect aquifer levels, and springs in the area 

requiring pursuit of other supplies that are unclear at this time. Mass migration northward 

would exacerbate the problem.   

In Pinellas County, the freshwater supplies are gone.  Tampa Bay Water is 

charged with water supplies for the region, which include planning for climate change 

and conjunctive use of surface and groundwaters, and the installation of appropriate 

protective devices.  So wellfield relocation is already underway, and conjunctive use 

appears to be part of the solution.  South Florida is a much different problem.  Wellfields 

located in other coastal areas of the state will need to be evaluated to determine if sea 

level rise will potentially require relocation of production wells. Current indications are 

that sea level rise in the Tampa Bay region is not sufficient to require relocation of 

existing production wells.   

The Biscayne Aquifer is located adjacent to Florida’s southeast coast and is 

susceptible to the effects of sea level rise. As previously described, the highly managed 

water control system in south Florida has permanently reduced groundwater levels along 
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the coast which enabled the development that exists today.  As a result of reduced 

groundwater levels, combined with lessened historical flows to the Everglades and less 

water standing in the Everglades during the summer months, the Biscayne Aquifer does 

not recharge as it once did.  The net result is a reduction in available fresh water supplies 

during the dry season, which coincides with increased winter population and peak 

irrigation season for lawns and agriculture.  Another impact of reduced recharge of the 

Biscayne Aquifer is the increased potential for contamination due to saltwater intrusion.  

As noted in Figure 12, sea level rise of a modest 5 feet will inundate much of the lower 

Everglades, rendering many Miami-Dade wells, along with many coastal wells, salty and 

unusable.  The cost to relocate wells inland is approximately $1 million per well plus 

piping.  For relocation of 500 MGD, this cost exceeds 0.5 billion dollars, and is unlikely 

to receive permits under current circumstances. As a result, new supplies or alternative 

recharge mechanisms as described below would need to be employed.  

Impacts should be expected to vary regionally, but in general, climate change 

could result in increased demands on our infrastructure systems, both in terms of O&M 

costs and the need for capital expenditures. Climate change is predicted to impact Florida 

through sea level rise and changes in precipitation patterns; in addition to statewide 

planning, current planning efforts by utilities should incorporate climate change issues. 

From the storm water utilities’ perspective there are three critical issues regarding climate 

change: (1) how increasing hydrologic variability may affect wastewater collection and 

treatment, 2) in coastal areas, how sea level rise may impact stormwater infrastructure 

and relocation of coastal population centers, and (3) how energy usage, to treat and 

dispose of wastewater, may contribute to climate change or variability, 
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A number of tools and outreach efforts can be adapted or created to foster the 

consideration of climate change in planning for infrastructure sustainability including 

advanced asset management, requirements of utilities examine their environmental 

footprints, and constantly work towards improvements in environmental systems. 

Short-term options for limited sea level rise include protection of coastal systems, 

by building public infrastructure like beach renourishment, flood protection works, 

armoring infrastructure to protect coastal property, manhole sealing, flood protection and 

pipe sealing and marsh building.  Larger and more long-term requirements include retreat 

via the movement of development and infrastructure away for the coast.  Adaptation to 

climate change involves inland movement of wellfields, deeper wells, desalination, 

reclaimed water use alternatives, and development of additional surface water supplies.  

Two categories of adaptation should be considered carefully:  protection and 

accommodation.  

Armoring infrastructure to protect current coastal property may be a bigger issue 

than water supplies, and options for disposal may prove even more limiting. While 

armoring is an option to protect coastal property, this does not address stormwater 

infrastructure challenges associated with sea level rise.  This may require a wholesale 

plan for migration of millions of residents to the central part of Florida, which has 

stressed water supplies at present.  Competition for limited resources will become a major 

issue for water purveyors. The following subsections outline the regulatory actions, 

policy/ legislative direction, and short- and long-term goals required to facilitate climate 

change adaptation in Florida with respect to water supply sustainability. 
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A number of strategies can be considered for improving water supplies, although 

the applicability will vary from one location to the other.  Table 4 summarizes the 

implementation process from the impacts of climate change. 
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Table 4: Implementation program for projected sea-level rise 

Trigger Implementation Strategy Barriers to Implementation Cost 

Point when Action may 

need to be Abandoned 

Immediate 

 

 

 

 

 

 

0 – 1 ft Sea 

Level Rise 

Prohibit/eliminate trees in 

rights-of-way) 

Political will, resident views Millions, costs unclear After trees fall down 

Catastrophic Failures) Costs to upgrade buildings unknown  Failure or facility 

Install  stormwater pumping 

stations in low lying areas to 

reduce storm water flooding 

(requires studies to identify 

appropriate areas, sites and 

priority levels) 

NPDES permits, cost, land 

acquisition 

Start at $1.5 to 5 million 

each, number unclear 

without more study 

When full area served is 

inundated (>3-5 ft SLR) 

Water conservation Budget, staff time, cost, 

political will 

Start at $30 million + $1 

million/yr 

n/a 

Armoring the sewer system 

(G7 program) 

 

Budget , recurring expense $12.5 million start, plus 

annual cost allocation  

When area served is 

inundated 
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0 – 1 ft Sea 

Level Rise 

 

 

Additional reclaimed water 

production 

Budget, lack of application 

sites in the city; long term 

frustrates sea level rise 

protection efforts 

Over $25 million 

depending on permit 

requirements 

Before 3 ft SLR makes 

soil saturation a problem 

Aquifer recharge/salinity 

barriers 

Regulations for indirect 

potable reuse, public 

perception 

up to $200 million 

depending on permit 

requirements 

Before 3 ft SLR makes 

soil saturation a problem 

 

 

 

 

 

 

1 – 2 ft Sea 

Level Rise 

 

 

 

 

 

Desalination Cost $45-50 million to 

convert + wells 

($750,000 per MGD) 

 n/a 

Control flooding west of the 

coastal ridge 

Cost, discharge location for 

water 

Start at $1.5 to 5 million 

each, number unclear 

without more study – at 

least a dozen would be 

needed - $25 million 

When full area served is 

inundated 

Central sewer installation in 

OSTDS areas 

Cost, assessments against 

property owners 

$10,000 per household When full area served is 

inundated 

Closing of private wells Private property rights Cost unknown  n/a 

Relocate Wellfields 

westward/horizontal wells 

Cost, concern over saltwater 

intrusion east and west, 

$20 million assuming 

locations can be 

When well is inundated 
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1 – 2 ft Sea 

Level Rise 

inundation of wellfields, 

permitting by SFWMD 

permitted in Biscayne 

aquifer 

Salinity/lock structures SFWMD, western residents, 

private property rights 

arguments 

Up to $10 million, may 

require ancillary 

stormwater pumping 

stations at $2-5 million 

each 

 n/a 

 

Before 3 ft 

Sea Level 

Rise 

Regional desalination/aquifer 

recharge/Everglades 

Perception, nutrients, cost $200 million n/a – solution to retard 

sea encroachment 

Aquifer storage and recovery 

with reclaimed water 

Regulations for indirect 

potable reuse, public 

perception, assumes 

desalination in place 

Wells are $30 million, 

unknown treatment 

requirements 

n/a  
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Comparison of Groundwater Layers 

The initial design of the WUP was developed by created fixed dots over the top of 

each elevation contour creating over two thousand individual elevations. These elevations 

were then kriged using the GIS software. After using this developed ground water layer 

as a calibration for the target date model, it was determined that there were voids in the 

City that were not accounted for in the design and there may have been error in creating 

the elevation points. Through contacts at the SFWMD, the MODFLOW output files were 

obtained and a more accurate map was created. After the completion of developing the 

new more accurate groundwater layer that encompassed the entire City’s boundary, a 

caparison map was developed by taking the absolute difference between the final 

groundwater layers to determine the accuracy of the first replicated map from the WUP 

(Figure 32). The results in Table 5 show over half of the total elevations were within 1 

foot of accuracy and about 20 percent were between 1 and 2 feet of accuracy. Overall, 

while more data is probably better on a small scale, for this model the two data sets were 

not dramatically different in accuracy.  

Table 5: Difference between MODFLOW output groundwater layer and the replicated WUP groundwater 
layer 

 

Elevation Change Map Label 

(feet)

Elevation Change Range 

(feet)

Area Covered 

(Acres)

Area Covered 

(% of total)

< ‐4 ‐11.91 to ‐4.00 5211.84 8.59

‐4 to ‐2 ‐3.99 to ‐2.00 6056.27 9.98

‐2 to ‐1 ‐1.99 to ‐1.00 11268.39 18.57

‐1 to 1 ‐0.99 to 0.99 34354.45 56.61

1 to 2 1.00 to 1.99 2878.55 4.74

2 to 4 2.00 to 3.38 921.42 1.52

Total Area 60690.92 100
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Figure 32: Modeled map of the difference between WUP map and the actual MODFLOW output of the 
WUP
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CONCLUSION 

The objectives of this paper were to: 1) develop topographic maps specific to 

climate change analysis using LIDAR topography;  2) gather groundwater data, existing 

permit modeling data, and tidal data to develop a groundwater elevation model; 3) 

develop topographic maps specific to climate change analysis by comparing surface 

elevations with groundwater elevations; 4) identify and quantify the vulnerable areas; 5) 

develop costs for improvements to the City’s stormwater infrastructure to address the 

impact of sea level rise; and 6) develop a toolbox of infrastructure mitigation and policy 

solutions.  The results for the models that incorporated the loss of the soil storage 

capacity created by rising groundwater levels indicate that the persistent flooding of 

roadways will start in the western portion of the study region farthest from the coast.  

It was determined that in areas with limited monitoring well data, the potential to 

estimate vulnerability accurately is unlikely.  The groundwater elevations are not 

consistent throughout the City; however regional groundwater models can be substituted 

for actual groundwater data if they are adjusted to the level of service condition 

(Bloetscher & Wood 2016). Likewise, good topographic information is needed to predict 

vulnerability from sea level and groundwater level rise and high resolution LiDAR is a 

must when inches matter.  A final issue not considered in many prior SLR modeling 

efforts is the impact of soil storage capacity and groundwater levels on the potential to 

flood or damage infrastructure as they primarily focus on coastal regions and average 

mean tides (or mean high tides).  For the City of West Palm Beach, the data revealed
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that over $400 million in current dollars might be needed to address stormwater issues 

arising from sea level rise before 2100. 

A future thought for coastal communities that are going to have to deal with SLR 

over the next 50 to 100 years is a plan and a budget to monitor the existing groundwater 

elevations throughout their city especially in the low lying vulnerable areas. Data 

collection with the use of monitoring wells will give modelers great information and a 

history of data when evaluating the soil storage capacity of their vulnerable areas in the 

future. It was surprising to have a plan to model the groundwater elevations for the City 

of West Palm Beach to find out after the data was gathered that there were only 4 

working monitoring stations available for public knowledge that gave high and low 

groundwater elevations on a daily basis.  As sea level rises over the next 50 years it 

would be of great knowledge to have accurate groundwater elevation data especially 

during the rainy season when King Tides are hitting our coastal communities and our soil 

storage capacity is at a minimum.
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Appendix A. Lake Worth Tidal Data and Sea Level Rise Projections 
 

Table 1A: High tides for Lake Worth Pier in ascending order 

Year  Month   Highest  MHHW  MHW  MSL  MTL  MLW  MLLW  DTL  GT  MN  DHQ  DLQ  HWI  LWI  Lowest

2012 11 1.637 0.961 0.781 ‐0.568 ‐0.581 ‐1.942 ‐2.087 ‐0.563 3.048 2.723 0.18 0.144 0.43 6.62 ‐3.068

2013 10 1.506 0.797 0.692 ‐0.666 ‐0.679 ‐2.047 ‐2.152 ‐0.676 2.949 2.74 0.105 0.102 0.47 6.63 ‐2.674

2014 11 1.253 0.797 0.623 ‐0.781 ‐0.794 ‐2.211 ‐2.359 ‐0.781 3.156 2.835 0.174 0.148 0.41 6.56 ‐2.953

2014 10 1.391 0.748 0.591 ‐0.817 ‐0.84 ‐2.27 ‐2.388 ‐0.82 3.136 2.861 0.157 0.118 0.45 6.61 ‐3.002

2013 11 1.263 0.728 0.551 ‐0.814 ‐0.83 ‐2.211 ‐2.339 ‐0.805 3.068 2.762 0.177 0.128 0.47 6.66 ‐3.048

2014 12 1.385 0.709 0.525 ‐0.889 ‐0.901 ‐2.326 ‐2.5 ‐0.896 3.209 2.851 0.184 0.174 0.44 6.64 ‐3.058

2015 9 1.991 0.696 0.62 ‐0.823 ‐0.833 ‐2.287 ‐2.421 ‐0.863 3.12 2.907 0.079 0.138 0.45 6.58 ‐3.386

2014 9 1.093 0.663 0.551 ‐0.856 ‐0.866 ‐2.283 ‐2.411 ‐0.874 3.074 2.835 0.112 0.128 0.45 6.61 ‐3.337

2011 10 1.188 0.646 0.466 ‐0.915 ‐0.927 ‐2.32 ‐2.49 ‐0.922 3.136 2.785 0.18 0.171 0.38 6.54 ‐3.465

2011 11 1.276 0.633 0.44 ‐0.925 ‐0.942 ‐2.323 ‐2.48 ‐0.924 3.114 2.762 0.194 0.157 0.4 6.59 ‐3.494

2012 10 2.057 0.6 0.449 ‐0.915 ‐0.92 ‐2.29 ‐2.415 ‐0.907 3.015 2.74 0.151 0.125 0.44 6.6 ‐3.455

2010 9 1.198 0.581 0.42 ‐0.919 ‐0.938 ‐2.297 ‐2.457 ‐0.938 3.038 2.72 0.161 0.157 0.38 6.57 ‐3.054

2010 10 1.824 0.505 0.348 ‐1.007 ‐1.015 ‐2.379 ‐2.513 ‐1.004 3.018 2.726 0.157 0.135 0.42 6.6 ‐3.383

2013 9 1.109 0.505 0.397 ‐0.978 ‐0.984 ‐2.365 ‐2.503 ‐0.997 3.005 2.762 0.108 0.135 0.47 6.62 ‐3.179

2012 6 0.909 0.499 0.328 ‐1.106 ‐1.109 ‐2.546 ‐2.746 ‐1.124 3.245 2.874 0.171 0.2 0.45 6.62 ‐3.802

2015 1 1.224 0.463 0.259 ‐1.145 ‐1.152 ‐2.562 ‐2.746 ‐1.142 3.209 2.822 0.203 0.184 0.42 6.59 ‐3.425

2011 9 1.152 0.459 0.354 ‐1.033 ‐1.048 ‐2.451 ‐2.598 ‐1.07 3.058 2.805 0.105 0.148 0.41 6.58 ‐3.219

2011 8 1.362 0.456 0.335 ‐1.076 ‐1.086 ‐2.507 ‐2.677 ‐1.111 3.133 2.841 0.121 0.171 0.42 6.61 ‐3.274

2014 8 1.119 0.449 0.341 ‐1.06 ‐1.07 ‐2.48 ‐2.612 ‐1.079 3.061 2.822 0.108 0.131 0.44 6.64 ‐3.435

2012 12 1.568 0.446 0.243 ‐1.132 ‐1.147 ‐2.536 ‐2.697 ‐1.125 3.143 2.779 0.203 0.161 0.41 6.6 ‐3.76

2015 2 1.027 0.443 0.279 ‐1.115 ‐1.129 ‐2.536 ‐2.687 ‐1.122 3.13 2.815 0.164 0.151 0.39 6.55 ‐3.442

2010 11 1.217 0.413 0.21 ‐1.165 ‐1.175 ‐2.559 ‐2.72 ‐1.153 3.133 2.769 0.203 0.161 0.37 6.57 ‐3.432

2014 5 1.083 0.407 0.197 ‐1.207 ‐1.219 ‐2.635 ‐2.779 ‐1.186 3.186 2.831 0.21 0.144 0.4 6.6 ‐3.297

2012 5 1.181 0.404 0.207 ‐1.211 ‐1.22 ‐2.648 ‐2.825 ‐1.211 3.228 2.854 0.197 0.177 0.44 6.62 ‐3.648

2014 1 1.207 0.371 0.197 ‐1.243 ‐1.26 ‐2.717 ‐2.881 ‐1.257 3.251 2.913 0.174 0.167 0.4 6.56 ‐3.786

2013 12 1.45 0.361 0.177 ‐1.253 ‐1.261 ‐2.7 ‐2.871 ‐1.255 3.232 2.877 0.184 0.171 0.46 6.65 ‐3.396

2015 8 1.138 0.338 0.243 ‐1.227 ‐1.24 ‐2.723 ‐2.874 ‐1.27 3.212 2.966 0.095 0.154 0.44 6.58 ‐3.54

2014 4 1.319 0.325 0.157 ‐1.257 ‐1.263 ‐2.687 ‐2.818 ‐1.247 3.143 2.841 0.167 0.131 0.41 6.58 ‐3.54

2013 3 1.132 0.322 0.18 ‐1.227 ‐1.242 ‐2.664 ‐2.802 ‐1.24 3.123 2.844 0.141 0.138 0.37 6.54 ‐3.586

2014 2 1.037 0.322 0.187 ‐1.207 ‐1.222 ‐2.631 ‐2.762 ‐1.22 3.084 2.818 0.135 0.131 0.45 6.63 ‐3.373

2013 5 0.997 0.299 0.118 ‐1.299 ‐1.312 ‐2.746 ‐2.897 ‐1.299 3.196 2.864 0.18 0.151 0.38 6.58 ‐3.606

2014 3 0.892 0.295 0.161 ‐1.289 ‐1.299 ‐2.759 ‐2.864 ‐1.283 3.156 2.92 0.135 0.105 0.41 6.59 ‐3.51

2015 5 0.784 0.289 0.102 ‐1.289 ‐1.296 ‐2.697 ‐2.854 ‐1.283 3.143 2.802 0.187 0.157 0.45 6.65 ‐3.819

2012 9 0.873 0.243 0.151 ‐1.247 ‐1.258 ‐2.667 ‐2.808 ‐1.283 3.051 2.818 0.092 0.141 0.45 6.64 ‐3.346

2015 4 1.299 0.21 0.056 ‐1.345 ‐1.358 ‐2.772 ‐2.89 ‐1.342 3.1 2.828 0.154 0.121 0.42 6.6 ‐3.34

2011 12 0.869 0.203 0.023 ‐1.335 ‐1.352 ‐2.726 ‐2.89 ‐1.344 3.094 2.749 0.18 0.164 0.44 6.62 ‐4.19

2012 7 1.01 0.18 0.013 ‐1.417 ‐1.43 ‐2.874 ‐3.077 ‐1.448 3.258 2.887 0.167 0.203 0.44 6.66 ‐3.596

2010 12 0.801 0.167 ‐0.056 ‐1.43 ‐1.444 ‐2.828 ‐3.031 ‐1.43 3.199 2.769 0.226 0.203 0.43 6.61 ‐3.684

2012 8 0.84 0.164 0.052 ‐1.352 ‐1.365 ‐2.782 ‐2.92 ‐1.378 3.084 2.835 0.112 0.138 0.45 6.64 ‐3.363

2013 1 0.761 0.157 ‐0.013 ‐1.404 ‐1.417 ‐2.822 ‐2.979 ‐1.411 3.136 2.808 0.171 0.157 0.36 6.57 ‐3.72

2011 7 0.719 0.157 0 ‐1.381 ‐1.391 ‐2.782 ‐2.972 ‐1.407 3.13 2.782 0.157 0.19 0.4 6.62 ‐3.468

2014 7 0.866 0.154 0.01 ‐1.381 ‐1.391 ‐2.795 ‐2.946 ‐1.394 3.097 2.805 0.144 0.151 0.46 6.63 ‐3.77

2014 6 0.561 0.154 ‐0.026 ‐1.427 ‐1.437 ‐2.848 ‐2.992 ‐1.417 3.146 2.822 0.177 0.144 0.45 6.64 ‐3.786

2013 4 1.056 0.151 ‐0.013 ‐1.414 ‐1.427 ‐2.841 ‐2.976 ‐1.414 3.127 2.828 0.164 0.135 0.35 6.56 ‐3.481

2013 7 0.984 0.148 ‐0.016 ‐1.398 ‐1.411 ‐2.805 ‐2.94 ‐1.396 3.087 2.789 0.164 0.135 0.5 6.68 ‐3.622

2015 7 0.531 0.141 ‐0.003 ‐1.414 ‐1.424 ‐2.844 ‐3.018 ‐1.439 3.159 2.841 0.144 0.174 0.45 6.64 ‐3.425

2012 2 0.961 0.128 0.003 ‐1.381 ‐1.391 ‐2.785 ‐2.943 ‐1.407 3.071 2.789 0.125 0.157 0.4 6.6 ‐3.307

2012 4 1.158 0.125 ‐0.036 ‐1.434 ‐1.442 ‐2.848 ‐2.963 ‐1.419 3.087 2.812 0.161 0.115 0.39 6.6 ‐3.55

2011 6 0.843 0.115 ‐0.075 ‐1.424 ‐1.435 ‐2.795 ‐2.986 ‐1.435 3.1 2.72 0.19 0.19 0.44 6.64 ‐3.56

2015 6 0.791 0.108 ‐0.102 ‐1.516 ‐1.526 ‐2.949 ‐3.117 ‐1.504 3.225 2.848 0.21 0.167 0.47 6.67 ‐3.789
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Figure 1A:  Verified monthly means of tidal data at the Lake Worth Pier for a 5-year 
period between 2010 and 2015 measured in NAVD88.  
 

 

Figure 2A:  NOAA’s Vertical Datum Transformation Software  
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Figure 3A:  Guide to tidal datum surfaces for Southern Florida in NAVD88 
 

 

Figure 4A: Tidal data for September 22, 2012 in NAVD88 
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Figure 5A: Unified Southeast Florida SLR Projection for Regional Planning Purposes 
(USACE 2009)
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Appendix B. Monitoring Well Data for the 99 Percentile Groundwater Elevations 
 

 

Figure 1B: 99% graph used to determine common dates (NGVD29) 

 

Figure 2B: 99% graph used to determine common dates (NGVD29) 
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Figure 3B: 99% graph used to determine common dates (NGVD29) 

 

 

Figure 4B: 99% graph used to determine common dates (NGVD29) 
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Figure 5B: 99% graph used to determine common dates (NGVD29) 

 

Figure 6B: 99% graph used to determine common dates (NGVD29) 
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Figure 7B: 99% graph used to determine common dates (NGVD29) 

 

Figure 8B: 99% graph used to determine common dates (NGVD29) 
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Figure 9B: 99% graph used to determine common dates (NGVD29) 

 

Figure 10B: 99% graph used to determine common dates (NGVD29) 



 

92 

 

Figure 11B: 99% graph used to determine common dates (NGVD29) 

 

Figure 12B: 99% graph used to determine common dates (NGVD29)
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Appendix C. Vertical Elevation Conversion from NGVD29 to NAVD88 
 

 

Figure 1C: Orthometric vertical elevation conversion program to convert NGVD29 to 
NAVD88 
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Figure 2C: Conversion map for vertical elevation changes from NGVD29 to NAVD88 
provided by Verticom
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Appendix D. Analysis of Defining Pervious and Imperviousness  

Single family residential properties are typically used to develop the Equivalent 

Resident Unit (ERU) value and carry a value of 01 as DOR code.  This is the easiest and 

often the most consistent land use to work with.  There are over 20,000 parcels coded 01 

in the City.  Defining a typical single family unit can be a challenge because that there 

may be some variety in the size and stormwater characteristics within this land use 

category.  Large expansive homes can impact the “typical value.”   

All 01 codes were separated from the tax roll.  These were ranked for lot size.  

Figure 1D shows the lot size – from very small to those with many acres.  The area of the 

building also varies, with over 80% below 10,000 sf (see Figure 2D).  Note not all lot 

sizes were shown so these values are not graphed.  Large lots will skew the mean upward, 

so the median is preferred. The imperviousness also varies widely.  The building sizes 

were also ranked, with a factor of 1.2 applied to address driveways and extra features.  

Figure 2D outlines spread of house size.  Over 90% are below 4,000 sf and most are 

below 2,000, but the average and mean are similar.  Figure 3D show imperviousness.  

The majority of values for impervious area are between 0.2 and 0.4.  The mean and 

average values for each are as follows: 

 

Lot size:    Average = 8557 sf 

   Median = 7150 sf 

Building size:    Average = 1977 sf 

   Median = 1758 sf 

Percent Impervious:   Average = 0.40% 

   Median = 0.26% 
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Several average houses on small lots altered the mean and average impervious 

percentage, but the curve in Figure 3D is relatively flat and a value of 0.26 is 

recommended. 

 

 

 

Figure 1D: Ranking of Lot size (line shows mean) 
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Figure 2D: Ranking of building size x 1.2 (line shows mean) 

 

 

 

Figure 3D: Ranking of imperviousness ratio for lots coded as single family.  Note that large 
ratios were associated with the townhomes primarily. 
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The single family ERU is based on the utilization of the typical (median) amount 

of impervious area and lot size to create the basis of the ERU. Then the ERU is calculated 

by performing a conversion of remaining properties to equivalent ERUs based on the 

impervious area as a relationship to the ERU and the imperviousness of the lot. Figure 4D 

indicates that large houses tend to be on larger lots.  Figures 5D and 6D show that 

imperviousness decreases slightly with lot size and building area (small older houses). 

 

Figure 4D – Comparison of Lot size vs Living Area 
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Figure 5D: Comparison of Lot to Imperviousness 

 

Figure 6D: Comparison of Building area to Impervious Ratio 

 

The next issue was to review the townhouses and condos.  The property tax 

record records no values for lot size for any of the 15,000 condo units in the City.  Figure 
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7D shows the building square footage in the tax rolls.  They vary significantly in size 

from about 500 sf to over 30,000 sf.  The average is 1,185 sf and median 1,111 sf, which 

is 60% of a single family unit.  However, the density given exterior parking, etc. is much 

higher.  Using another municipality as a surrogate, an impervious value of 0.9 will be 

assumed.  Note that common areas will be treated like vacant land.    

 

 
Figure 7D: Typical square footage for Townhomes is 1500 sf +/- 100 sf 

 

Multi-family <10 units (DOR 08) was the next class to study.  There are 2,000 

separate multi-family buildings in the City.  As Figure 8D shows, the average lot size is 

7,350 sf and the average building area is 2,319 sf, for an imperviousness of 0.33.  Condos 

will have two parking spaces plus a drive and sidewalks which adds at least 500 sf.  

Typical condo developments are greater than 40% impervious.  Because most apartments 
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have large parking areas this value will be revised to 0.7 to account for parking that may 

be larger than the units.      

 

 

Figure 8D: Ranking of Lot size (line shows mean) 
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Figure 9D: Ranking of building size (line shows mean, but ignores parking) 

 

 

 

Figure 10D: Ranking of imperviousness ratio for lots coded as multi-family.   
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For large apartments (DOR 03), the issue is similar. There are 102 separate multi-

family building in the City.  As Figures 11D and 12D show, the average lot size is 

180,000 sf, and the average building area is 74,000 sf, for an imperviousness of 0.68.  

The median values for lot size and building area are much less:  32,000 and 15,500 

respectively, for an impervious value of 0.61.  Multi-family units typically have two 

parking spaces plus a drive and sidewalks, but some of the parking may be in garages 

(stacked).  For simplicity, because most apartments have large parking areas, this value 

will be assumed to be 0.7.   

 

Figure 11D: Ranking of Lot size (line shows mean) 
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Figure 12D: Ranking of building size (line shows mean, but ignores parking) 

 

 

Figure 13D: Ranking of imperviousness ratio for lots coded as multi-family   
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The final class was all other uses.  Except for vacant land, the DOR record does 

not record lot size, only building size, so similar calculations could not be accomplished 

with the data provided.  Similar experience in other areas indicates that the value is rarely 

less than 0.4, and can be as high as 1.0.  For the purposes of this effort, in the absence of 

better data, the value will be assumed to be 0.7, given examples like Figure 13D. 

 

Figure 14D - Typical commercial areas in West Palm Beach 

 

Table 1D outlines the land use codes from the DOR record.  Table 2D 

summarizes the median and average values for the properties evaluated.  This data was 

then converted to CN numbers, with the assumption that vacant land had a CN number of 

61 and the remaining values for impervious area were 98.  The CN numbers and protocol 

were then used to find roughness coefficients averaged across the properties (Table 3D). 
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Table 1D: List of Land Uses Codes 

 

Class of Land Use 

000 Vacant 

001  Single Family and Townhomes < ¼ ac 

002 Stand Alone Mobile Homes 

004 Condos 

Commercial 

Institutional 

Multifamily 

Improved Vacant or Ag Land 

Single Family > 1.4 ac 
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Table 2D: Median and Average Values 

Land 
Use/Code 

Average/
Medium 

Land 
Area 

Average/Medium 
Impervious/ 
Living  Area 

Average/Medium 
Impervious 
Coverage 

Recommended 
Assumption for 

Impervious 
Coverage 

Single Family 
(010 8557 1977 0.4 0.26 

7150 1758 0.26 

Multi-Family 
(03) 180768 74427 0.69 0.61 

32007 15500 0.61 

Condos 
(04/05) n/a 1185 n/a 0.9 

 
1111 n/a 

Multi-Family 
(08) 7352 2319 0.33 0.31 

6304 2028 0.31 

Non-
Residential 

 
n/a n/a 0.5 

 
n/a n/a 
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Table 3D: Roughness and CN Values for Each Land Use Code 

Land Use/Code 

Recommended 
Assumption for 

Impervious Coverage 
Curve Number 

Value (CN) 
Manning 

Coefficient (n) 

Single Family (010 0.26 70.62 0.353 

  
Multi-Family (03) 0.61 83.57 0.1955 

  
Condos (04/05) 0.9 94.3 0.065 

  
Multi-Family (08) 0.31 72.47 0.3305 

  
Non-Residential 0.5 79.5 0.245 
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Appendix E. Historical Weather for West Palm Beach Including Temperature and 
Rainfall Data  
 

 

Figure 1E – NOAA Extremes from 1888 to Present
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Appendix F. Methodology of How to Create a Shapefile out of a Raster  
 

Step 1: Extract by Attributes 

   

Make sure to explain what values you want from the raster using the where clause ABOVE. 

Step 2: Multiply the raster by 0 to create a constant value raster using Raster Calculator 
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Step 3: Convert results of step 2 to a raster integer by using the INT tool.  

   

Step 4: Covert the results of step 3 to polygon using the raster to polygon tool: 

   

Step 5: Clip the green area to the wpb boundary using Geoprocessing Clip option: 



 

112 

 

Open attribute table and add field to calculate area. Right click and use calculate geometry. Use 
square miles.  
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Right click on field and use statistics tab to get total area 

9.22.12 EX CONDITION 
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Yellow = Total Area – (Red + Green Area) 

57.78 – (41.03 + 9.51) = 7.24 sq mi 

9.22.12 + 1ft SLR 
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Yellow = Total Area – (Red + Green Area) 

57.78 – (45.04 + 7.41) = 5.33 sq mi 

9.22.12 + 2ft SLR 

 

 

Yellow = Total Area – (Red + Green Area) 

57.78 – (47.56 + 5.57) = 4.65 sq mi 

9.22.12 + 2ft SLR 



 

116 

 

 

Yellow = Total Area – (Red + Green Area) 

57.78 – (49.67 + 4.27) = 3.84 sq mi 

 
Critical Area (Red) <0 

(Sq Mile) 
Yellow Area 

(Sq Mile) 
Green Area 
(Sq Mile) 

9.22.2012 41.03 7.24 9.51 

1ft SLR 45.04 5.33 7.41 

2ft SLR 47.56 4.65 5.57 

3ft SLR 49.67 3.84 4.27 
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Appendix G. Conceptual designs for vulnerable areas in the City of WPB and 
associated cost 
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